Endothelial cells are essential for neovascularization. Angiopoietins and Tie receptors are required for a normal vasculature. How cyclical mechanical stretch affects the expression of components of the angiopoietin system is not known. In this study, we investigated the regulation of angiopoietins and Tie receptors by cyclical mechanical stretch in cultured human umbilical vein endothelial cells (HUVECs). HUVECs grown on a flexible membrane base were stretched by vacuum to 20 % elongation, at 60 cycles/min. The levels of angiopoietin-2 protein began to increase as early as 2 h after stretch was initially applied, reached a maximum of 2.7-fold over the control value by 6 h. The Tie2 receptor protein showed the same pattern as Ang-2. These increases in angiopoietin-2 and Tie2 receptor proteins at 6 h were blocked by the addition (30 min before stretch) of the protein kinase C inhibitor Go$ 6976 (16 nM) or the tyrosine kinase inhibitor herbimycin A (24 µM). Similar to protein expression, the levels of angiopoietin-2 and Tie2 receptor mRNAs in HUVECs increased 3.1-fold and 2.5-fold respectively after stretch for 6 h. These increases were also blocked by Go$ 6976 or herbimycin A. Cyclical mechanical stretch increased (and Go$ 6976 or herbimycin A abrogated these increases) the immunohistochemical labelling of angiopoietin-2 and Tie2 receptor after a 6 h stretch. The levels of angiopoietin-1 and Tie1 receptor proteins, mRNAs and immunohistochemical staining were unaffected by cyclical mechanical stretch. Thus cyclical mechanical stretch activates the expression of angiopoietin-2 and the Tie2 receptor, but not angiopoietin-1 or the Tie1 receptor, in cultured HUVECs. This mechanical effect is probably mediated by the tyrosine kinase and protein kinase C pathways.
INTRODUCTION
Blood vessel development and remodelling are regulated by receptor tyrosine kinases and their ligands [1, 2] . Targeted disruption of the endothelial cell-selective receptor tyrosine kinases vascular endothelial growth factor (VEGF)-R1 [3] , VEGF-R2 [4] , Tie1 [5] and Tie2 [6] leads in each case to embryonic lethality with severely defective vasculature. Angiopoietin-1 was first demon-strated to be a secreted ligand for the Tie2 receptor in 1996 by Davis et al. [7] . Subsequently, angiopoietin-2 was identified as a relative of angiopoietin-1 by homology screening, and was shown to bind but not phosphorylate the Tie2 receptor [8] . When expressed constitutively in transgenic mice, angiopoietin-2 was demonstrated to antagonize the effects of angiopoietin-1, leading to disruption of angiogenesis in vivo [9] . Tie2 and the angiopoietins are expressed later in development than the VEGF receptors and their respective ligands [10] , and the expression of angiopoietin-1 appears to become more widespread as development proceeds [8] .
Although angiopoietin-1 is not mitogenic for endothelial cells, it can induce endothelial cell sprouting [11, 12] and inhibit endothelial cell apoptosis [13, 14] . Angiopoietin-1 can also protect the adult vasculature against plasma leakage [15] . Hypoxia [16, 17] and cytokines such as tumour necrosis factor-α [18] up-regulate angiopoietin-2 expression in endothelial cells. Tie2 receptor expression is also stimulated by hypoxia and proinflammatory cytokines in endothelial cells [19] . Tie2 is broadly expressed in the endothelium of the quiescent adult vasculature [20] . Moreover, Tie2 is tyrosinephosphorylated in both angiogenic tissues and quiescent adult tissues. Tie2 signalling may have a dual function in vascular growth and vascular maintenance. Witzenbichler et al. [21] demonstrated that Tie2 and angiopoietin-1 are expressed in normal human arteries and veins. This finding suggests that the role of angiopoietins\Tie2 may extend beyond embryonic angiogenesis to maintaining the integrity of the adult vasculature.
Endothelial cells are essential for neovascularization. These cells are exposed to haemodynamic forces in vivo, and the in vitro cyclical mechanical stretch model mimics haemodynamic overload in vivo [22] . Mechanical stress directly induces expression of the major angiogenic growth factor, VEGF, in several cell types [23, 24] . We hypothesized that mechanical stress may also regulate the angiopoietin\Tie receptor system. Accordingly, we sought to investigate the regulation of angiopoietins and Tie receptors by cyclical mechanical stretch in cultured human umbilical vein endothelial cells (HUVECs). We also tried to identify the signal pathway that mediates the effects of cyclical stretch on the expression of angiopoietins and Tie receptors.
METHODS

HUVEC culture
HUVECs were isolated from umbilical cord veins by collagenase treatment as described previously [25] , and grown in M199 supplemented with 20 % (v\v) fetal bovine serum, 100 µg\ml endothelial cell growth supplement and 50 units\ml heparin. HUVECs between passages 3 and 5 were taken and were cultured in a Flexcell I flexible membrane dish in M199 containing 0.5 % (v\v) fetal calf serum, and cells were incubated for a further 2 days to render them quiescent and confluent before the initiation of each experiment. The purity of HUVECs was confirmed by positive staining for von Willebrand factor and negative staining for smooth muscle actin.
To determine the roles of tyrosine kinases and protein kinase C (PKC) in the stretch-induced expression of components of the angiopoietin system, HUVECs were pretreated with herbimycin A (24 µM) or Go$ 6976 (16 nM) respectively for 30 min prior to cyclical stretch. Herbimycin A is a cell-permeable, potent inhibitor of protein tyrosine kinases, and Go$ 6976 is an inhibitor of PKC. It selectively inhibits the Ca# + -dependent PKCα isoenzyme as well as PKCβ1. Herbimycin A and Go$ 6976 were purchased from Calbiochem.
In vitro cyclical strain on cultured HUVECs
The Flexcell FX-2000 strain unit consists of a vacuum unit linked to a valve controlled by a computer program. HUVECs cultured on the flexible membrane base were subjected to cyclical stretch produced by the computercontrolled application of sinusoidal negative pressure. The flexible membranes supporting the cultured cells were deformed by a sinusoidal negative pressure with a peak value of " 15 kPa at a frequency of 1 Hz (60 cycles per min) for various periods of time. Application of the vacuum resulted in a maximum elongation of cells at the periphery of the wells of 20 %, with strain decreasing towards the centre of the wells [26] . After stretch, total RNA and protein were collected from the stretched cells for real-time reverse transcription-PCR and Western blot analysis. In experiments involving inhibitors, the HUVECs were pretreated with Go$ 6976 or herbimycin A for 30 min before being subjected to cyclical stretch.
Western blot analysis
Tissue samples were homogenized in modified RIPA buffer [50 mmol\l Tris, pH 7.4, 1 % IGEPAL CA-630 (Sigma), 0.25 % sodium deoxycholate, 150 mmol\l NaCl, 1 mmol\l EDTA, 1 mmol\l PMSF and 1 µg\ml each of aprotinin, leupeptin and pepstatin]. Equal amounts of protein (15 µg) were loaded on to an SDS\12.5 %-polyacrylamide minigel, followed by electrophoresis. Protein samples were mixed with sample buffer, boiled for 10 min, separated by SDS\PAGE under denaturing conditions, and electroblotted to nitrocellulose membranes. The blots were incubated overnight in Trisbuffered saline containing 5 % (w\v) dried milk to block non-specific binding of the antibody. Proteins of interest were revealed using specific antibodies (goat anti-angiopoietin-1 and anti-angiopoietin-2 polyclonal antibodies, rabbit anti-Tie1 and anti-Tie2 polyclonal antibodies, and mouse anti-PKC monoclonal antibody, all from Santa Cruz Biotechnology Inc. ; polyclonal anti-phospho-PKC antibody from Cell Signaling Technology ; mouse antiphosphotyrosine antibody from BD Biosciences) as indicated (1 : 1000 dilution) for 1 h at room temperature, followed by incubation with a 1 : 5000 dilution of horseradish peroxidase-conjugated polyclonal anti-rabbit antibody for 1 h at room temperature. Signals were visualized by chemiluminescent detection. Equal protein loading of the samples was further verified by staining with a monoclonal antibody to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All Western blots were quantified using densitometry.
RNA isolation and reverse transcription
Total RNA was isolated from HUVECs using the singlestep acid guanidinium thiocyanate\phenol\chloroform extraction method. Total RNA (1 µg 
R-time PCR
A Lightcycler apparatus (Roche Diagnostics, Mannheim, Germany) was used for real-time PCR. cDNA was diluted 1 : 10 with nuclease-free water. Then 2 µl of the solution was used in the Lightcycler SYBR-Green mastermix (Roche Diagnostics) : 0.5 µmol\l primer, 5 mmol\l MgCl # and 2 µl of Master SYBR-Green in nuclease-free water in a final volume of 20 µl. Primers used were as follows : angiopoietin-1 : forward, 5h-
The initial denaturation phase was for 10 min at 95 mC, followed by an amplification phase (30 cycles) : denaturation at 95 mC for 10 s, annealing at 55 mC for 5 s and elongation at 72 mC for 15 s. Amplification, fluorescence detection and post-processing calculations were performed using the Light-cycler apparatus. Individual PCR products were sequenced to confirm their purity.
Immunohistochemistry
Slides were dried overnight at room temperature. Snapfrozen sections were post-fixed in 4 % (v\v) paraformaldehyde for 20 min, treated with 3 % (v\v) hydrogen peroxide\PBS for 25 min, blocked in 5 % (v\v) normal rabbit serum for 20 min, blocked with biotin\avidin for 15 min each, and incubated with the following primary antibodies for 2 h at room temperature : biotinylated rabbit anti-mouse IgG (1 : 400) for 30 min, and Vector Elite ABC biotin-avidin-peroxidase complex for 30 min. Sections were then developed with diaminobenzidine and diaminobenzidine enhancer (Vector), counterstained with haematoxylin, and mounted.
Statistical analysis
Data are expressed as meanspS.E.M. Statistical significance was evaluated using ANOVA followed by Scheffe's procedure. A value of P 0.05 was considered to denote statistical significance.
RESULTS
Effects of cyclical stretch on angiopoietin and Tie receptor protein expression
To test the effects of cyclical mechanical stretch on the protein expression of angiopoietins and Tie receptors, HUVECs were cyclically stretched for various periods of time, and levels of angiopoietin-1, angiopoietin-2, Tie1 receptor and Tie2 receptor proteins were subsequently measured. The protein expression of angiopoietin-2 and the Tie2 receptor were enhanced by stretch to 20 % elongation after just 2 h, and by 6 h had increased by 2.7-and 2.2-fold respectively (maximum increases) ( Figure  1 ). Protein expression was enhanced to a lesser extent after stretch for 24 h. Stretch-induced angiopoietin-2 and Tie2 receptor protein expression was load-dependent. When HUVECs were stretched to 10 % elongation, angiopoietin-2 protein expression did not change significantly, while Tie2 receptor protein expression increased only 1.7-fold as compared with control cells without stretch. The protein expression of angiopoietin-1 and the Tie1 receptor was not affected by cyclical stretch (20 % elongation) at any time points up to 24 h.
Stretch-induced angiopoietin-2 and Tie2 receptor expression in HUVECs is tyrosine kinase-and PKC-dependent
To test whether the tyrosine kinase and PKC pathways mediate the stretch-induced expression of angiopoietins in HUVECs, the cells were stretched by 20 % for 6 h in the presence or absence of herbimycin A (a tyrosine kinase inhibitor) or Go$ 6976 (a PKC inhibitor). As shown in Figure 2 , the stretch-induced increases in angiopoietin-2 and Tie2 receptor protein expression were completely attenuated by the addition of Go$ 6976 (16 nM) or herbimycin A (24 µM) 30 min before stretch. Herbimycin A and Go$ 6976 did not affect expression levels in control cells that were not subjected to stretch. Cyclical stretch also increased the amounts of phosphorylated Equal loading of samples was verified by staining with a GAPDH-specific monoclonal antibody. Significance of differences : *P 0.05, **P 0.01 compared with control (non-stretched cells).
tyrosine kinase and PKC proteins, and the increase in these phosphorylated proteins was blocked by either herbimycin A or Go$ 6976 (Figure 3) . Total PKC protein and total tyrosine kinase protein were not affected by either herbimycin A or Go$ 6976 after cyclical stretch.
Cyclical stretch increases the expression of angiopoietin-2 and Tie2 receptor mRNAs by HUVECs
Real-time quantitative PCR showed that the levels of angiopoietin-2 and Tie2 receptor mRNAs were increased significantly after 2 h of stretch to 20 % elongation (Figure 4 ). Angiopoietin-2 mRNA reached a maximal level after 4 h of stretch and had declined slightly at 24 h, but was still significantly higher than that in control cells without stretch. Tie2 receptor mRNA reached a maximal level after 6 h of stretch, and had returned to baseline levels after 24 h of stretch.
The increases in the levels of angiopoietin-2 and Tie2 receptor mRNAs were again load-dependent. Stretch to 10 % elongation increased angiopoietin-2 and Tie2 receptor mRNA levels by 1.4-and 1.7-fold respectively as compared with control cells without stretch.
Angiopoietin-1 mRNA was not or only barely detectable in HUVECs, and cyclical stretch did not induce its expression (results not shown). Tie1 receptor mRNA levels did not change significantly after cyclical stretch at any time points up to 24 h.
The stretch-induced increases in angiopoietin-2 and Tie2 receptor mRNA levels in HUVECs were abolished by pretreatment with 16 nM Go$ 6976 or 24 µM herbimycin A. After addition of herbimycin A 30 min before stretch, angiopoietin-2 and Tie2 receptor mRNA levels in cells stretched for 6 h decreased from 2.7-fold (un- treated cells) to 0.72-fold and from 2.5-fold to 0.53-fold respectively (normalized to control cells without stretch). After addition of Go$ 6976 30 min before stretch, angiopoietin-2 and Tie2 receptor mRNA levels decreased from 2.7-fold to 1.0-fold and from 2.7-fold to 0.8-fold respectively ( Figure 5 ).
Effects of cyclical stretch on immunohistochemical labelling of angiopoietin-2 and Tie2 receptor in HUVECs
Antibodies against angiopoietin-2 and Tie2 receptor produced labelling mainly in the cytosolic region of HUVECs. Cyclical stretch increased the immunoreactive signals for angiopoietin-2 and Tie2 receptor in HUVECs (Figure 6 ). These immunoreactive signals were decreased when Go$ 6976 or herbimycin A was added prior to stretch. 
DISCUSSION
In the present study, we have demonstrated that cyclical mechanical stretch enhanced both angiopoietin-2 and Tie2 receptor mRNA expression and protein synthesis in HUVECs. Angiopoietin-2 and the Tie2 receptor were up-regulated in both a time-and load-dependent manner by cyclical stretch. These increased levels of expression appear to be specific, since Ang-1 and Tie1 were unaffected. Bongrazio et al. [27] demonstrated that angiopoietin-2 was down-regulated by prolonged exposure of endothelial cells to shear stress. The discrepancy between these two studies may be explained by the possibility that endothelial cells respond differently to shear stress and cyclical stretch. Previous studies have also reported that endothelial cells responded differently to different stress patterns [28] and that biomechanical forces induce endothelial structural changes and modulate gene expression [29] . Since rhythmic distension of the vessel wall is a component of pulsatile flow, our present study indicates that cyclical stretch is an important factor regulating the expression of angiopoietins and Tie receptors in vascular wall cells.
We showed using real-time PCR that angiopoietin-1 mRNA was barely or not detectable in HUVECs, and that cyclical stretch did not induce its expression. These results indicate that cyclical stretch specifically induces the expression of angiopoietin-2 mRNA. In fact, angiopoietin-1 is expressed mainly in vascular smooth cells, whereas angiopoietin-2 is expressed in endothelial cells [18, 30] . We have shown that cyclical mechanical stretch
up-regulates angiopoietin-1 expression in vascular smooth cells (results not shown).
A recent study demonstrated that angiopoietin-2 may have a direct role in stimulating Tie2 receptor signalling and inducing angiogenesis in vitro [31] . At high concentrations, angiopoietin-2 may act as an agonist for the Tie2 receptor [32] . Angiopoietin-2 has been reported to be upregulated by hypoxia, VEGF and cytokines [16] [17] [18] , whereas the effects of hypoxia and cytokines on Tie2 in endothelial cells are controversial [17, 19] . Since the responses of angiopoietin-2 and Tie2 peaked very early after the initiation of cyclical stretch, they are probably not mediated by induction of other growth factors ; rather, they may be regulated directly by stretch. The induction of angiopoietin-2 by hypoxia and VEGF has been shown to be mediated by mitogen-activated protein kinases, tyrosine kinases and PKC [16] . We also explored the signalling pathway underlying the stretch-induced angiopoietin-2 and Tie2 mRNA expression and protein synthesis. Blocking tyrosine kinases using herbimycin A (a specific inhibitor of tyrosine kinases) or blocking PKC by Go$ 6976 (a specific inhibitor of PKC) abrogated the increases in mRNA and protein synthesis for both angiopoietin-2 and Tie2 induced by cyclical stretch. This indicates that stretch-induced angiopoietin-2 and Tie2 expression is mediated, at least in part, by the tyrosine kinase and PKC pathways.
Tie1 and Tie2 are often closely associated. The increase in Tie2 expression after cyclical stretch may prevent an increase in Tie1 expression through signalling cross-talk. Angiopoietin-2 is one of the ligands of the Tie2 receptor.
Cyclical stretch induced both angiopoietin-2 and Tie2. This phenomenon may enhance the angiopoietin-2-Tie2 interaction and reduce the angiopoietin-1-Tie2 interaction.
Disruption of pre-existing blood vessels is an initial process in physiological or pathological angiogenesis [33] . Previous reports have indicated that angiopoietin-1 promotes maturation of the vascular network, whereas angiopoietin-2 acts to initiate neovascularization [34] . Since angiopoietin-2 has been shown to be a natural antagonist for the Tie2 receptor [8] , increased levels of angiopoietin-2 may result in deterioration of the integrity of pre-existing vasculature by inhibiting angiopoietin-1-induced Tie2 phosphorylation. In contrast with angiopoietin-1, angiopoietin-2 is able to sustain VEGFinduced neovascularization [34] . Tie2 has been shown to regulate the ability of endothelial cells to recruit stromal cells around the endothelial tubes, and stabilizes vascular integrity [35] . Increased angiopoietin-2 and Tie2 receptor expression induced by cyclical stretch may be relevant to pathological states of the cardiovascular system, including atherosclerosis and hypertension. Previous studies have demonstrated that cyclical stretch induced VEGF expression in cardiac myocytes and vascular smooth muscle cells [24, 36] . Cyclical stretch-induced increases in angiopoietin-2 and Tie2 expression could play a role in vascular injury, especially at branch sites, where the higher stress could induce higher concentrations of VEGF to be secreted by vascular smooth muscle cells. Whether subjecting such branch sites to higher stretch induces increased angiopoietin-2 and Tie2 expression in vivo remains to be investigated. In addition, whether induction of angiopoietin-2 and Tie2 receptor by cyclical stretch in HUVECs result in local angiogenesis in the vascular wall also needs further clarification. Our data imply that angiopoietin-2 and Tie2 receptor induced by cyclical stretch seem to be involved in vascular remodelling.
In summary, we report for the first time that cyclical mechanical stretch activates the gene expression of angiopoietin-2 and the Tie2 receptor, but not angiopoietin-1 or the Tie1 receptor, in cultured HUVECs. This mechanical effect is probably mediated by the tyrosine kinase and PKC pathways. These results suggest that haemodynamic forces can play a significant role in regulating gene expression in the angiopoietin and Tie receptor systems.
